The long-term goals of this research are to combine state-of-the-art remote sensing and in situ measurements with advanced numerical modeling (a) to characterize coherent structures in river and estuarine flows and (b) to determine the extent to which their remotely sensed signatures can be used to initialize and guide predictive models.
APPROACH
The key to this project is an interactive process that blends sophisticated remote sensing, in-situ measurements, and numerical simulation. Our approach is to conduct closely coupled field and numerical model experiments to test the hypotheses listed above. We will conduct two major field experiments with both in situ and remote sensing measurements -the first will be in Year 2 and the second in Year 4. A preliminary experiment was conducted in Year 1 (this reporting period -see following sections) to aid in the design of the major field efforts. The research involves four main areas -(1) in situ measurements, (2) remote sensing, (3) modeling, and (4) physics and classification of coherent structures. The in situ field measurements will be used to characterize the overall flow field to investigate the generation of coherent structures at specific sites, and initially, to provide boundary inputs for the numerical models. The surface signatures of coherent structures in the same region will be detected using remote sensing techniques and compared with the in situ and model results. The numerical models will serve three roles, viz., (1) precursor simulations in which existing bathymetry and assumed regional forcing will allow us to guide the measurement plans, (2) detailed simulations of both the region and specific local areas for comparison to field-determined coherent structures, and (3) simulations to aid in characterizing the mechanisms by which observed coherent structures are formed, to evaluate the sensitivity of these generation mechanisms to variations in forcing, and to predict the surface signature that such structures generate. Results from the in situ field observations, remote sensing, and numerical model runs will be synthesized into a classification scheme that includes all observed coherent structures. Predictive scaling relationships will be developed in order to generalize the results from this study to other systems. The result of this integrated approach will be a thorough investigation of the mechanisms and evolution of coherent structures in rivers and estuaries in order to link their surface expressions to subsurface flow features. 
WORK COMPLETED TO DATE
The focus of this reporting period was preparation for and execution of the preliminary experiment that took place from 17-22 July 2005. The location of the preliminary experiment on the Snohomish River in Everett, WA is shown in the satellite photograph in Figure 1a . The photograph in Figure 1b shows the rock sill that is exposed at low tide and forms a gap with the north tip of Jetty Island through which the river flows. Figure 2 shows the deployment of IR and video cameras and the RiverScat scatterometer from an aerial lift on a spud barge positioned at the north tip of Jetty Island. The RiverRad pulsed, scanning radar used to map surface roughness and velocity is shown in Figure 3a and the jet boat used for the ADCP measurements is shown in Figure 3b . The following tasks were accomplished during the preliminary experiment:
• Extensive bathymetry survey at sufficient resolution to generate grids for the modeling • Velocity profiles from boat transects for use in boundary conditions and mass balance • Deployment of IR, video, and RiverScat (scatterometer) sensors from a stationary barge • Deployment of RiverRad (pulsed, scanning radar) from shore In conjunction with the preliminary experiment, modeling work accomplished included analyzing the tidal forcing for boundary conditions and work on sediment transport technology. 
RESULTS
Processing of the data from the preliminary experiment is underway and promises to provide significant insight into the river flow and the wide variety of coherent structures. The results, combined with concurrent modeling efforts, will be used to guide the final design of the main experiment scheduled for July, 2006. Here we provide an overview of the preliminary results to date.
Bathymetric Survey and Velocity Transects
Raw bathymetric data were collected from approximately 6 km upstream of the study site to the downstream river mouth. All bathymetric data were collected using a RDI Workhorse Monitor ADCP (Acoustic Doppler Current Profiler) and Bathymapper software (Aaron Blake, USGS). Tidal variability was removed using tidal elevation information from the NOAA Seattle Tidal Gauge (station number 9447130), which was the most successful of several tidal models and gauges tested to account for the tides. The corrected bathymetry data were interpolated using a weighted averaging program to fit the data onto a grid. A spacing of two meters in both the northing and easting directions was used for the study site. The grid resolution in this area is limited by the accuracy of the GPS system used during data collection. Other areas of the Snohomish in which data were collected were interpolated to grid resolutions of five and ten meters. The resulting bathymetry map of the site in Figure 4 was created from the interpolated bathymetric data and shows details of the location and extent of the sill and surrounding scour holes.
Although the primary purpose of the first year's field work was to collect bathymetry data, a preliminary velocity survey was also undertaken to estimate the mass balance for the study area and to examine the flow over the sill throughout the tidal cycle. Velocity data were collected in a circuit consisting of five major transects. Three transects parallel to and both up-and downstream of the sill (Transects 3-5 in Figure 4 ) will be used to study the flow over and around the sill. This information was collected starting before peak ebb and concluding after peak flood. The flow over the sill from Transect 3 during peak ebb is shown in Figure 5a . The gap creates a pronounced jet flow and eddies on either side, all of which are observed in the velocity transects. The flow over the sill from Transect 3 during peak flood is shown in Figure 5b . At this point in the tidal cycle the flow in the main channel has reversed and the flow near the sill is very slow. Further analysis of the velocity transects will focus on the plunging ebb jet in the gap in order to provide a comparison with the surface images. Transects across the bypass northwest of Jetty Island and across the main channel upstream of Jetty Island will be used to study the complex flow upstream of the study area and to determine the mass balance. Infrared Measurements A significant result of the preliminary experiment was the safe and effective deployment of the remote sensing instrumentation from the aerial lift on the barge near the N. tip of Jetty Island (see Figures 2  and 4) . The equipment was installed on a 20' x 40' spud barge, which has two pilings (spuds) on either end that allow the barge to remain on station while riding up and down with the tide, which has a maximum range at the study site of approximately 5 m. A 65' aerial lift secured to the barge deck was used for elevating the sensor package (Figure 2) . The sensors were mounted on a pan and tilt head, which allowed us to survey a wide area to determine the variability of the thermal features. The data acquisition systems were housed in two 8' x 10' portable offices, which also served as sleeping quarters. Power was provided by a portable diesel generator. The barge was located as close as possible to the N. tip of Jetty Island without causing significant interference of the river flow.
The two general kinds of thermal variability observed were variations due to different water types and the signature of surface disruptions that bring different temperature water up from below. A striking example of the interaction of two different water types is the convergence of warm river water and cold seawater from the bypass through the gap formed by the sill and Jetty Island shown in Figure 6a . The river flow is much faster than the bypass flow, resulting in a strong shear line along which a vortex street is formed. The main flow and accompanying secondary recirculation patterns are indicated by the blue arrows in Figure 6a . Surface velocities from a DPIV algorithm applied to this type of IR imagery are shown in Figure 6b is consistent with the velocities from the ADCP (Figure 5a ) and RiverScat (see Figure 10 , below). These preliminary findings suggest that DPIV applied to IR imagery may be a useful method for measuring the mean surface flow. The thermal signatures due to surface disruptions included a wide variety of both warm and cold features. A cold signature produced by boils generated by flow over the submerged sill is shown in Figure 7a . A warm signature produced by flow over submerge rocks off the end of Jetty Island is shown in Figure 7b . These and other observations of surface disruptions will be used in conjunction with the bathymetry and velocity measurements to guide the design of our observation strategy for the main experiment in July 2006. The incidence angle necessary to cover the entire area of interest ranged from roughly 35º to 70º. Since the emissivity varies significantly at incidence angles greater than 45º, a significant spatial gradient due to emissivity variation is present in the raw imagery. This effect can be seen in the IR image of flow through the gap shown in Figure 8a , which exhibits a relatively uniform vertical gradient. The result of a preliminary algorithm to correct for the variation of emissivity with incidence angle is shown in Figure 8b in which the jet is much more clearly delineated. 
Microwave Remote Sensing Measurements
The pulsed, coherent radar RiverRad was set up at the cement plant (Rinker Materials) on the bank across from Jetty Island (see Figures 1 and 3 ) and operated continuously from 2:36 pm on July 18 until 9:12 am on July 27. The coherent CW microwave system RiverScat became operational on the barge on the same river at 1:00 pm on July 19. It collected data for 5 minutes during all periods that the IR system was operating from July 20 through July 22.
RiverRad was operated in an azimuthally stepped mode, collecting 30 seconds of data in one-second scans from each of two antennas directed 36.6º apart. The antennas, both VV polarized, stepped 2.5 degrees in azimuth angle after each period of data collection. Thus a 50 degree azimuthal range was scanned in about 20 minutes. Because of the antenna separation, this means that a total azimuth angle of about 65 degrees was interrogated every 20 minutes. The nominal maximum range was about 425 m but will probably be somewhat less in practice due to signal-to-noise limitations. A video camera was aligned with the mean look direction of the microwave antennas and took a frame every 10 seconds. To date, the data have been processed only to the point of showing the signal-to-noise ratio as a function of range and azimuth angle on a polar plot (see Figure 9 ). Still to be accomplished are the extraction of calibrated cross sections and velocities from the data. Riverscat operated with two antennas, one VV and the other HH polarized. The antennas were set at a nominal 45º incidence angle and their azimuth angle depended on where the raised platform was pointing. Riverscat collects folded spectra, which means that the direction of the current will have to be inferred by other means. To date, we have extracted velocities and calibrated cross sections from the recorded spectra (see Figure 10 ), which will be compared with velocity measurements from the ADCP and IR data. 
Modeling and Simulation
Our modeling work has proceeded on three fronts. First, we are working to acquire the bathymetry for the estuary and river system at sufficient resolution to allow generation of grids for the modeling, discussed in more detail below. Second, we have been analyzing the tidal forcing preparatory to creating the form for and location of boundary conditions for the simulations. Third, we have created and begun to execute a plan for migrating the sediment transport technology of Zedler and Street [2001] to SUNTANS so that we can simulate both suspended and bedload transports which can provide tracers [i.e., turbidity] in the coherent structures.
We have generated grids of the Snohomish River and Puget Sound using the GAMBIT grid generation package, as depicted in Figures 11 and 12 . The boundaries of these grids were generated in ArcGIS 9, based on navigation charts from NOAA, bathymetry data from Finlayson et al. [2000] , and a multi-channel Puget Sound tide model by Lavelle et al. [1988] . We plan to force the boundaries at locations 1 and 2 in Figure 11 with the tides to determine the tidal currents along the red line. These currents will then drive the western boundary of the finer grid in Figure 12 , which will contain resolutions of roughly 1 meter in the study cite near Jetty Island and will use bathymetry from the REMUS bathymetric surveys. 
